A sample holder was designed and built to facilitate measuring the magnitude and phase angle of the electrical impedance of internodal stem sections from Cornus stolonifera Michx. A nonpolarizing, electrically conducting manganese dioxidecarbon paste used between the stem sample and the electrodes of the sample holder allowed measurement of impedance at frequencies from 50 hertz to 500 kilohertz without electrode polarization or electrical interference. The impedance magnitude was linearly dependent on the sample length, but this dependence was minimized by computing a normalized impedance magnitude. The normalized impedance magnitude (Zn,) was calculated using the impedance magnitude (Z) at any specified frequency (f) and the impedance magnitude at 500 kilohertz (Z5so kHz) in the following formula: Z.f = (Z -Z500 kHz)/Z500 kHz. The normalized impedance magnitude was sensitive to injury produced by boiling and peeling the sample. Three sample holders were designed and tested to determine their suitability for routine electrical impedance measurements. The sample holder giving the best results measured impedance along the longitudinal axis of sections cut from a stem. This sample holder had an aluminum base and an aluminum cover to shield the stem section completely from electrical interference (Fig. 1) . Stainless steel electrodes were cemented to plastic insulators, and electrical contact with samples 0.4 to 2.4 cm long was made by sliding one insulator along a slot cut in the aluminum base of the holder. Electrical contact over the entire cut ends of the sample reduced the electrode impedance and made removal of the cuticle unnecessary. With the sample completely enclosed, a tissue paper saturated with water and placed in the cover of the sample holder minimized drying at the cut surfaces. The paste on the sample was still moist 48 hr after the sample was placed in the holder.
Z500 kHz)/Z500 kHz. The normalized impedance magnitude was sensitive to injury produced by boiling and peeling the sample.
Electrical impedance measurements on the bark and wood separately demonstrated that they have different electrical properties.
Electrical impedance measurements on woody stems provide information about the physiological conditions of cells and tissues (1, 12) . Whether electrical impedance measurements can be combined to determine injury rapidly depends on what factors affect the measurements. Numerous workers have shown that electrical measurements depend on the frequency of the applied electric current (2) (3) (4) (5) (6) (7) (8) (9) 11) . These investigations have some limitations: (a) measurements were made at only two frequencies, (b) distance between electrodes was fixed, and (c) electrode polarization at low frequencies was not investigated or minimized.
This research was undertaken to evaluate the possibility of using electrical impedance measurements at several frequencies as a rapid, nondestructive measure of plant injury. The purposes were: (a) to determine how stem length affects electrical impedance and if measurements at several frequencies can be combined to minimize length effects while still retaining sensitivity to tissue vitality, (b) to determine the relative contributions of the living bark and wood to the measured electrical impedance, and (c) to determine how injury produced by peeling the bark or boiling the stem affected electrical impedance measurements. Three sample holders were designed and tested to determine their suitability for routine electrical impedance measurements. The sample holder giving the best results measured impedance along the longitudinal axis of sections cut from a stem. This sample holder had an aluminum base and an aluminum cover to shield the stem section completely from electrical interference (Fig. 1) . Stainless steel electrodes were cemented to plastic insulators, and electrical contact with samples 0.4 to 2.4 cm long was made by sliding one insulator along a slot cut in the aluminum base of the holder. Electrical contact over the entire cut ends of the sample reduced the electrode impedance and made removal of the cuticle unnecessary. With the sample completely enclosed, a tissue paper saturated with water and placed in the cover of the sample holder minimized drying at the cut surfaces. The paste on the sample was still moist 48 hr after the sample was placed in the holder.
Several electrically conducting compounds were evaluated to determine if they would reduce electrode polarization. In addition to reducing electrode polarization, the conducting compounds, if flexible or in paste form, should improve the electrical contact by filling in irregularities in the cut surfaces of the sample. Also, the compound should be nontoxic to plant cells.
A MnO2-C paste originally used for electrical measurements on animal cells met the requirements and was the best of those evaluated in this study (10) . Impedance magnitudes at several frequencies as a function of sample length are shown in Figure  2 and were used to evaluate electrode impedance. The impedance magnitude measured the combined impedance of the sample and the electrodes. Electrode polarization would cause the impedance magnitude to increase as the frequency decreased and would mask the frequency-dependent properties of the sample. Extrapolating the impedance magnitude to a sample length of zero indicated electrode impedance. Because the extrapolated impedance magnitudes (Fig. 2 ) actually decreased at low frequencies, the paste was nonpolarizing. This conclusion was supported by noting that the impedance phase angle at 50 Hz was less than 2 degrees for all samples greater than 0.5 cm (Fig. 3) . Also, the phase angle was small at all frequencies for a killed sample (Table I ). The MnO2-C paste was apparently nontoxic. Callus grew through paste applied to the ends of samples that were incubated in the dark at high humidities at room temperature.
The MnO2-C paste was separated from a new D cell flashlight battery and made into a slurry using distilled water. The ELECTRICAL IMPEDANCE OF STEM SECTIONS slurry was vacuum-filtered using a Buchner funnel, and the cake was washed with distilled water-95% ethanol-0.05 M phosphate buffer, pH 7.5, and 95% ethanol in that order. The resulting cake contained pieces of plastic or wax that were removed by passing the material through a stainless steel screen. The resulting wet paste was dried at 50 C overnight in a vacuum oven connected to an aspirator. For electrical contact studies and routine use, 5 ml of distilled water were mixed with 5.5 g of the powder to form a thick paste. The exact proportions were not critical.
To measure the variation of electrical impedance with sample length, stem sections were cut from internodes with a razor blade and the sample ends were covered with the MnO2-C paste. The electrical impedance, both magnitude and phase angle, measured at 500 kHz, 50 kHz, 500 Hz, and 50 Hz, revealed the general frequency-dependent properties of the sample. After measurements, an end of the section was cut off, the sample length was remeasured to the nearest 0.0025 cm using a micrometer, the paste was reapplied to both ends, and the measurements were repeated.
The electrical impedance of the bark and wood were measured by peeling the bark from the wood. Electrical impedance was measured along the longitudinal axis of an intact stem section, then of the bark and wood together after peeling, and of the bark or wood individually. Temperatures during impedance measurements ranged between 21 and 25 C. Variations during any particular experiment were less than 2 C.
RESULTS AND DISCUSSION
The impedance magnitude depended on the length of the sample (Fig. 2) . The correlation coefficient between sample length and impedance magnitude was greater than 0.998. A number of reports have shown that impedance magnitude ratios or ratios of other related electrical quantities can be used to minimize the effects of stem length, diameter, and moisture level (2-4). For stem sections 1 to 2 cm long, the sample length was unimportant in determining the normalized impedance magnitude (Fig. 4) . The decrease in the normalized impedance magnitude for samples less than 0.75 cm may be due to injured cells making up an increasing percentage of the total number of cells in the sample as length decreases.
The impedance phase angle was relatively independent of sample length without normalization (Fig. 3) . The variations at any frequency are relatively unimportant because phase angle was measured only to the nearest 0.5 degree. The variation of impedance phase angle with frequency is characteristic of living cells (1) . At low frequencies, 50 Hz and below, the phase angle is nearly zero. Any electrode polarization at low frequencies will cause a negative rather than zero phase angle. As the frequency increases, the phase angle becomes more negative until a minimal value is reached. Further increases in frequency cause the phase angle to again approach zero, but Both the normalized impedance magnitude and the impedance phase angle depend on cell viability (Table I ). The magnitude of the impedance at high frequencies was relatively unchanged by placing the sample in boiling water for 30 sec. Frequencies higher than 500 kHz should reduce the change even further, but 500 kHz was the maximum obtainable with the vector impedance meter. After boiling, the impedance magnitude was nearly independent of frequency, and the normalized impedance magnitude dropped to near zero at all frequencies. These changes are consistent with the theory that cellular membranes behave like leaky capacitors and represent a major barrier to electric current and ion movement at low frequencies but do not impede high frequency currents. Destruction of the membranes by boiling would make the impedance, both magnitude and phase angle, independent of the frequency. Because the impedance phase angle does not depend on sample length but does depend on the condition of the membranes, it may be possible to use phase angle measurements at a single frequency to determine injury.
Measurements of the bark and wood separately show that they have different electrical properties (Table II) . This supports the observations of Glerum and Krenciglowa (5) The impedance of a peeled sample, bark and wood combined, was not identical with the impedance of the intact sample, but the difference was probably due to injury from peeling (Table II) . The bark and wood apparently are electrically connected in parallel in the intact sample; this conclusion is consistent with that of Glerum and Krenciglowa (5) .
In summary, the normalized impedance magnitude estimates vitality of a stem section. The 
